Acquiring images of archaeological artifacts is an essential step for the study and preservation of cultural heritage. In constrained environments, traditional acquisition techniques may fail or be too invasive. We present an optical device including a camera and a wedge waveguide that is optimized for imaging within confined spaces in archeology. The major idea is to redirect light by total internal reflection to circumvent the lack of room, and to compute the final image from the raw data. We tested various applications on site during an archaeological mission in Medamoud (Egypt). Our device was able to successfully record images of the underground from slim trenches of about 15cm wide, including underwater trenches, and between rocks composing a wall temple. Experts agreed that the acquired images were good enough to get useful information that cannot be obtained as easily with traditional techniques.
take a selfie. Archaeology is one of several disciplines like surgery and aircraft inspection where specialists seek to learn as much as they can with minimal disruption, so ensuring an imaging distance is not always possible in confined spaces.
As an example, although in the archaeology of buildings a standing structure can be studied and documented with both laser and photogrammetry [7] , there are inaccessible areas that require other dedicated devices, such as radar measurements [2] (notably for underground analysis) or endoscopes [1] . Endoscopes are indeed the more straighforward way to image places that are inaccessible by regular cameras, but they still require that there be a chamber (i.e., a space within which the surface under inspection can be imaged). Even if we assume that this minimum imaging distance can be achieved in some specific confined spaces, the imaging area would be very small and numerous pictures would be necessary to get a full view.
The system presented in this article (cf. Figure 1 ) is between an endoscope and a document scanner: it can image unaccessible areas like endoscopes, but larger images can be obtained without any imaging distance, just like a document scanner. Unlike a document scanner, distant objects can also be imaged. Our system is based on the association of a regular camera and a wedge light guide developed by Travis et al. [10, 12] . The whole system principle can be compared to a sort of periscope that allows imaging unaccessible areas, and we explore the utility of such a device in the specific field of archaeology.
This article is organized as follows. In Section 2, we present the wedge guide technology, the core of our imaging system for constrained environments. Then, in Section 3, we present the design of the wedge, explain the hardware and software requirements of our prototype, and analyze its characteristics. In Section 4, we introduce the different applications and on-site results. Finally, in Section 5, we present directions for future work before concluding in Section 6.
OVERVIEW OF WEDGE GUIDES
Wedge guides were first devised for rear projection television and subsequently investigated for the humancomputer interface as cameras that might allow a display to observe activity to its front [3] . To understand how they work, it helps at first to consider this part of the system in terms of projection: consider a ray of light that is shone into one end of a cuboid slab of transparent plastic. By total internal reflection, the opposing air/plastic interfaces act like mirrors so that the ray will follow the path of a perfect zig-zag, as shown in Figure 2 . Suppose, however, that we alter the slab so that one surface is slightly angled relative to the other. Each time the ray Fig. 2 . Principle of the wedge. For a projector, light rays are guided in the expansion part through total internal reflection so that they can fan out horizontally, and then they are extracted through the wedge part. In our work, the rays are guided from the wedge part toward the camera with the same light path.
reflects off one surface, its angle relative to the other surface is reduced, like a ping-pong ball dropping into a funnel. Eventually, an angle of incidence is reached, known as the critical angle, at which the ray is no longer reflected but instead passes into air. Figure 2 shows a side view of the wedge guide that is composed of an expansion part and a wedge part. It illustrates also how the angle of injection determines the distance traveled by the ray before it leaves the guide. The plain line represents a ray that is launched so as to be near the critical angle, then the ray will need only one or two reflections within the wedge part before it reaches the critical angle, and so will not travel far. If, however, the ray is launched at a small angle to the slab axis, such as represented by the dashed line, then many reflections will be needed within the wedge part before the ray exits. This is just what happens with a video projector and a screen: the angle at which a ray leaves the projector determines how far up the screen is the point at which the ray hits it. We can therefore imagine replacing the space between a projector and screen with a wedge guide, and indeed, this was one of the early applications proposed for the Optics community [10] . The image must expand to the full width of the screen, as well as to its full height, and this happens simply by making the expansion part wide enough to allow rays to fan out.
A camera works much like a projector, except the direction of rays is reversed. A wedge can therefore also be used to fold up the space otherwise needed between a camera and the object that is being imaged. This means, for example, that it is possible to photograph a page in a book without opening it-one merely slides the wedge between the pages. The use of a wedge guide with a camera was already studied to image pages that are directly on the wedge surface [3] and to make the guide geometry more compact [11] .
An important caveat is that as rays leave the wedge, they have only just reached the critical angle. The rays therefore emerge into air traveling almost at right angles to the surface normal. Whereas a projector launches an image that is diffused at the surface of a wedge, a camera will be most useful if it can observe images both on the surface of the wedge and far beyond. A prismatic film should be added that deflects rays parallel to the surface normal so that they can be useful, and this aspect is detailed in Section 3.1.
WEDGE CAMERA DESIGN
The wedge we use, shown in Figure 1 (a), is made from polymethyl methacrylate (e.g., Plexiglas) and has an imaging area of 260 × 215 mm; it is 455mm long and 25mm thick. The wedge was designed according to the principles outlined in the international patent WO03013151 [9] . The surfaces are protected by black cardboard, except at the imaging surface, which is covered by a prismatic film for deflecting light rays and a cover glass for protection.
A 3mm glass cover slip is glued onto the wedge entrance to ensure its flatness. At the wedge entrance, there is a mount made by 3D printing that holds the camera and the light source. The prismatic film and the cover glass are held against the wedge surface with another 3D printed mount and straps. These straps are also used to bring down the wedge into trenches.
After presenting how the prisms can deflect light rays in Section 3.1, we detail the resulting equivalent camera in Section 3.2 and the illumination system in Section 3.3. The prototype was connected to a computer software to visualize and record images corrected from distortion as detailed in Section 3.4. 
Deflecting Light Rays
As explained in Section 2, the rays need to be deflected to observe a distant object; otherwise, they would simply propagate nearly parallel to the surface, as shown in Figure 3 (a). To this end, we propose using a prismatic film, which is an optical surface that is composed of tiny prisms elongated in one direction. A prismatic film can turn light direction in different ways.
Figure 3(b) shows that the tips of the prisms can be used as mirrors to deflect the rays to a normal direction. The problem of this method is that the reflection happens over a tiny region, so diffraction tends to blur the image, as shown in Figure 3 (e). It is well known that when plane waves are incident on a slit, the wave that emerges will radiate slightly so that the wavefront gets bigger as it becomes farther from the slit. This limits how small the pixels of an image can be projected through the slit and, equivalently, limits the resolution of the picture that can be imaged via the slit. Each prism of the prismatic film acts like a slit, and so the bigger the prisms, the better is the resolution of images captured distant from the screen. However, arrays with big prisms have big transients between each prism, and this means that an object close to the surface of the film cannot be imaged in its entirety.
A possible solution might be for the prism array to act in reflection in the manner shown in Figure 3 (c), but the light then has to cross many boundaries before it leaves the system and each boundary lowers the brightness and adds an unwanted reflection to the image. Anti-reflection coatings might help but would be affordable only in quantity production.
Although it is important for use in the human/computer interface that rays are captured when incident perpendicular to the wedge surface, this matters much less for use in archaeology. Thus, the prismatic film was turned over with the flat surface close to the wedge and the prisms facing the air, as shown in Figure 3 enters the material of the film at the critical angle that is approximately 45 • , and when the light meets the prisms, it travels straight on into air at the same angle. In contrast to Figure 3 (b), the aperture seen by the ray is no longer a portion of the prisms but the full prism aperture, so the diffraction effect is limited, and there are no extra surface reflections, such as in Figure 3 (c). In this way, the rays are deflected away from the normal, but the acquired image is sharper, as shown in Figure 3 (g). The prismatic film we used for this experiment is the 25FD330 from Comar Optics, with a pitch of 0.3mm and a prism angle of 45°. Figure 4 shows the field of view (FOV) of our wedge camera system compared to an endoscope or a regular camera. The required distance between the device and the object to get a large imaging area is much longer with a regular camera or endoscope than with our wedge device. Moreover, the focal length of any endoscope lens defines a minimum distance between lens and object, whereas in our system, this distance is folded up into the wedge guide and the object is in focus directly on the wedge surface.
Equivalent Camera Description
Let us analyze the resulting FOV in more detail. Once again, for the sake of clarity, the following explanations describe rays leaving the wedge, but readers must keep in mind that for acquisition, rays propagate from the object, toward the wedge guide and the camera at the end. As explained in Section 2, the wedge width (in the x direction in Figure 4 (c)) allows rays to fan out within the guide, and the prism array does not change this property. Rays still fan out horizontally when leaving the wedge, as in a regular perspective camera. The difference is that the FOV forms a sort a trapeze because rays that leave closer to the camera fan out differently from those leaving the wedge at the end, as shown in Figure 4 (c). This phenomenon is similar to a keystone distortion due to off-axis projection or acquisition. Rays within the wedge are constrained in the z direction, and thanks to the prismatic film, they all escape at the same angle close to 45°w ith respect to the wedge's normal. They are still parallel to each other in the yz plane, as shown in Figure 4 (d), so the vertical FOV is orthographic.
As a consequence, one can observe a 1D perspective: the images appear to be squeezed in the x direction with an increasing distance of the object from the device, whereas the vertical dimension y remains the same. This is illustrated in Figure 5 , where we imaged the same checkerboard at different distances, from 0 to 30 cm away from the device: the ratio y:x changes from 1:1 at 0 cm to about 1:2 at 30 cm. Note that the images get blurrier with an increasing distance due to the diffraction by the prisms. In our use context, this is not an issue because we target the acquisition in confined spaces where the objects to image are close enough.
Our imaging geometry is not standard but has similarities with the pushbroom camera model [6] . In a pushbroom camera, a linear sensor acquires a 1D image of a scene and moves perpendicularly to the sensor direction to build a 2D image. The integrated FOV of a pushbroom camera over a finite period of time hence resembles the described FOV, with the difference that our device does not show time-related effects (apart from an eventual rolling shutter of the camera).
We would like to emphasize the fact that only rays incident with specific directions are guided through the wedge, so most of them are not collected. This is actually how every camera works: the lens aperture selects rays incident at a specific location with specific angles defined by the FOV, and the wedge is just a way to redirect light toward the camera aperture. The depth of field, exposure time, and other camera-related parameters are defined by the choice of the camera. The required specifications are a 60°horizontal FOV to benefit from the maximum of imaging area, and an aperture that is smaller than the wedge entrance (3mm high). The camera should also have either a fixed focus with a large depth of field or an autofocus able to focus on the wedge surface and beyond. For the results presented in this article, we used the Logitech C310 webcam; however, many other cameras could be used as well. For example, the higher-resolution Logitech C922 webcam produced even better results.
Illumination
The simplest way of illuminating a surface under inspection is to shine light from a point next to the camera. The surface will then receive uniform illumination, whereas lamps placed around the sides of the wedge would illuminate the edges of the scene more than the center. Experiments in the laboratory showed, however, that a Fig. 6 . By rotating the prismatic film, the camera is no longer dazzled by the specular reflection of the light source.
fraction of the illumination reflects off the prism facets back toward the camera and dazzles the camera along a vertical line. A simple yet effective way to solve this is to rotate the prismatic film by approximately 15°about the surface normal, as shown in Figure 6 . The reflected light is then at 30°to the wedge axis so that the dazzling line moves off to one side and therefore out of the way of the surface under inspection.
We just described a way to illuminate from the device itself. However, in practice, most of the time we relied on sunlight to illuminate areas under inspection. We could also use mirrors to redirect natural light into trenches, but this would probably require the trenches to be larger.
Software and Calibration
The acquired raw images of the wedge guide cannot be used directly, as there are strong distortions that arise because the wedge and the camera behave somewhat like a camera and a Fresnel lens in an off-axis configuration. Consequently, we propose correcting the acquired images in real time with image processing, just as is done in other computational imaging systems. We developed a software solution in C++ with the OpenCV computer vision library that processes the stream of the camera in real time. Hence, we can directly visualize and record the corrected acquired images.
The distortions consist of a strong pincushion distortion and a keystone distortion. For the calibration, in a pre-processing step, we use a series of images of a checkerboard to calculate the correction for the pincushion distortion (Figure 7(b) ). Then we manually select the corners of the checkerboard to compute the homography matrix for the keystone correction (Figure 7(c) ). After this calibration, the corrections are applied in real time for any frame of the video stream to provide the archaeologists with the correct visualization.
CASE STUDY
We tested our wedge camera at two archaeological sites in Egypt near Luxor, namely Deir El Medina and Medamoud. We identified three concrete applications where wedge cameras can aid inspection in confined spaces, and we present results and what we learned in the following.
First, wedge cameras can image the underground through slim trenches (Section 4.1); second, underwater surveys can be done by imaging flooded trenches (Section 4.2); and third, areas in confined spaces such as structural crevices or between stones in a wall can be imaged (Section 4.3). 
Trial Trenches
Trial trenches are usually dug before a full excavation is launched so that archaeologists can look at layers of soil beneath the surface and see if there are remains dating from layers corresponding to the epoch of interest. The trenches must be big enough for someone to get into-that is, about 1m wide, typically 2m long, and from 1 to several meters deep. Digging such trenches is time consuming; moreover, it is moderately invasive, and this will bear on the decision of local authorities to grant permission to dig. With the wedge, it is possible to get some visual information from a trench and be much less invasive as shown on Figure 8 . Digging a deep trench that is only 5 to 10 cm wide proved difficult in European clay soil and would no doubt be difficult in dry sand. However, on the site where the wedge cameras were tested in Medamoud, the soil is less prone to flow or crumble and a simple trenching tool was enough to dig trenches to arm's length, as recorded in Table 1 . Rays undergo approximately 20 internal reflections within the wedge guide, so its surfaces must be especially smooth (roughness average of 1nm) and clean. It might therefore seem optimistic to have placed the wedge in trenches swirling with grit and dust, but although there was some degradation of the image, it was not drastic. The wedge camera was inserted, and it quickly became apparent that the soil is much darker than one might expect. Illumination that was perfectly adequate in the laboratory gave no useful image in the trench, and the best images were obtained by allowing sunlight to leak down into the trench. Time and again, the authors found themselves experimenting with different ways of illuminating the scene, and perhaps this should not be too surprising because free-space photography requires much the same care with illumination.
Once the illumination had been optimized, images were produced that were much the same as would be obtained through free space. However, archaeologists commented that the differences in reflectivity and texture that delineate different strata are difficult to see unless the sides of the trench walls are carved flat and smooth. Giving walls such a finish is not so difficult in a wide trench but is more challenging when the wall cannot be inspected at the same time that it is being perfected. It might be possible to create narrow trenches with the surface finish needed for useful inspection, such as by using a ploughshare.
The authors note that whereas permission was given for conventional trial trenches to be dug only in specific locations on site, trenches adequate for the wedge camera were sufficiently narrow that we were allowed to dig them anywhere on site. Moreover, it happens that a ground survey is necessary in areas that are constrained by a structure, so the wedge camera might find many applications for observing the underground in specific conditions.
Underwater Surveys
It is not uncommon, particularly in Egypt, for the water table to be high so that traditional surveys cannot be performed because they would rapidly be flooded. Our wedge camera system can address this issue, as it can work underwater.
The wedge principle, as described in Section 2, is based on the value of the critical angle, which is the limit between total internal reflection and refraction. This value depends on the indices of refraction n of both optical media: the acrylic that makes the wedge (n = 1.49) and air (n = 1.00), which is the exit medium. The wedge that we use is designed to work in air, so if the wedge surface is in direct optical contact with the water (n = 1.33), the critical angle is reduced, and the rays travel less far within the wedge (Figure 9(a) ). This phenomenon is clearly unwanted, as the image would be squeezed in one direction.
It follows that an air interface is desirable between the wedge and the water, but the water itself will refract light the same way the prismatic film described earlier does, so the prismatic film may not be needed if the air interface is provided (Figure 9(b) ). In our test, however, we used a flexible transparent bag and could not ensure the air interface when put inside water. We therefore kept the prismatic film so that the space between prisms acts as an air interface, and we used the system depicted in Figure 9 (c).
A 10-cm-wide trench was dug beneath the water table (Figure 10(a) ) and then left overnight for the mud to settle. The wedge camera was wrapped in the flexible transparent sheet and lowered into the trench. The captured images were adequate even if rapidly degraded by the upwell of silt, but as in Section 4.1, it was difficult to see any changes in reflectivity or texture, perhaps because experts are more used to work in open air. Some tests were also performed to inspect the walls of a flooded chamber (Figure 10(b) ). We could achieve an image quality that was as good as if the pictures were taken in open air.
We therefore believe that our wedge light guide system may also find application in underwater archaeology.
Structural Crevices
Crevices are common in ancient structures where a wall is rarely so smooth that there is no gap between their stones. The interest in these gaps arises because it was not unusual for temples to be disassembled and rebuilt with the stones of previous temples built on the same site. Decorations from these earlier temples were often unwanted, and thus the decorated surfaces were placed out of view adjacent to other stones. These decorations cannot be observed without considerable disruption (e.g., removing temple stones) unless a wedge is used. Figure 11 shows situations where the wedge camera can be useful to inspect these constrained areas. The device can notably help a lot in the field of epigraphy, where writings are not always easily accessible. As an example, Figure 12 shows the uncorrected and corrected image of a hieroglyph taken from the crevice of Figure 11 (a) with the wedge camera. The wedge was placed a few centimeters away from the wall, yet we could achieve a large imaging area with good image quality. Most crevices between the stones of a temple do not, of course, contain images on the opposing surfaces. Proving that they do not is useful in itself, and the wedge camera was used to do this in several locations, such as shown in Figure 11 (c). Once again, experimenting to optimize illumination was important to be sure that there really were no images to be seen. The crevice of Figure 11 (b) was unfortunately slightly too narrow for the wedge used in these trials. Archaeologists suggested that a smaller, phone-sized wedge could be useful for quick inspection on more potential places. They emphasized that it is not only inscriptions that interest them. For example, much can be learned about techniques of construction from marks left by the devices used to move the stones and by the procedures used to align them. There was a degree of enthusiasm that the richness of information given by the device might lead to unforeseen discoveries. 
FUTURE WORK
This project and our device are opening new directions of research, development, and applications. In this section, we explain the prospective work, and this could give an idea of its full potential.
First, the image quality can be degraded when the device is used on site, because the wedge guide is very sensitive to dust and scratches. When experimenting at Medamoud, we observed that the sand that was in contact with our glass protective layer inevitably degraded the image quality. The images presented here were a bit modified to improve the contrast ratio and brightness. It could be interesting to develop new filters to offer archaeologists an improved experience with high-quality images. Moreover, the calibration process could be improved by calibrating the color correction.
Second, we listened to the remarks expressed by archaeologists, and we will test a smaller wedge that could fit into more crevices, such as with an A5 active area and a thickness of 10mm. Of course, the downside is that the size of the region of interest would be smaller. Indeed, the image size is currently limited to the size of the device, but it could be interesting to stitch images together [8] to provide the full profile of a trench or a wall, and/or to increase their resolution, using super-resolution techniques [13] . This implies some software and hardware challenges such that ensuring that the illumination is uniform within the frame and coherent between several frames. Illumination may also be easily improved with high-powered LEDs.
Finally, it would be interesting to investigate the potential of the device in terms of 3D reconstruction. It is possible to put several cameras at the end of the wedge guide so that different viewpoints of the same scene can be taken simultaneously. This can be used to extract depth information from parallax and generate depth maps of objects under inspection, as with any stereo camera. Our first tests are encouraging; however, some work still needs to be done to fully evaluate the accuracy of such a method. A projector might be associated with one or several cameras to perform 3D reconstruction from structured illumination [5] . Moreover, as images at different angles can be taken either simultaneously or by moving the device, we believe it should be possible to reconstruct a 3D mesh from them by photogrammetry. This is not direct, however: our device calibration is not standard, stable illumination of the scene is hard to achieve, and tilting the device in a trench can be hard, so only a few angles might be accessible. To this end, using a better camera would be mandatory, with a better resolution and probably a global shutter, because it may be difficult to hold the device still. Changes in the core of photogrammetry algorithms may also be necessary, notably adapting the calibration process and changing the camera model to a "pushbroom-like" model. Looking further into the future, it might be useful to combine the wedge light guide with a close-range laser scanner. Indeed, the laser light could propagate in the wedge from a laser source to the scene back to a detector to evaluate depth information with time of flight techniques [4] .
CONCLUSION
In this article, we presented a novel hardware optical device, a wedge camera, associated with software processing that can be used in archaeology to get images where traditional cameras fail. We tested and discussed three concrete applications.
Before using our wedge camera, specialists in the digging of trial trenches were doubtful that our light guide would bring them much benefit because of the lack of pure visible information from the ground, and they were reluctant to lose the ability to touch and interact with the sides of a trial trench. However, after testing, they agreed that the wedge could help in inspecting areas where traditional surveys do not fit. They also mentioned that it might be easier to get authorization for surveys when conducted with a wedge because it keeps disruption to a minimum.
The underwater application interested them because it means that one could observe trenches that are deeper than usual, even below the water line. Wedges might be used for the inspection of lakes and also in submarine archaeology.
There was more interest, even enthusiasm, in using the wedge camera to look into crevices. We have concentrated on the use of the wedge in Egyptology because of the need to inspect temples, but it can likely be used in many other applications, such as in the archaeology of buildings and the exploration of caverns, among others, even beyond archaeology.
